Myosins are eukaryotic actin-dependent molecular motors important for a broad range of functions like muscle contraction, vision, hearing, cell motility, and host cell invasion of apicomplexan parasites. Myosin heavy chains consist of distinct head, neck, and tail domains and have previously been categorized into 18 different classes based on phylogenetic analysis of their conserved heads. Here we describe a comprehensive phylogenetic examination of many previously unclassified myosins, with particular emphasis on sequences from apicomplexan and other chromalveolate protists including the model organism Toxoplasma, the malaria parasite Plasmodium, and the ciliate Tetrahymena. Using different phylogenetic inference methods and taking protein domain architectures, specific amino acid polymorphisms, and organismal distribution into account, we demonstrate a hitherto unrecognized common origin for ciliate and apicomplexan class XIV myosins. Our data also suggest common origins for some apicomplexan myosins and class VI, for classes II and XVIII, for classes XII and XV, and for some microsporidian myosins and class V, thereby reconciling evolutionary history and myosin structure in several cases and corroborating the common coevolution of myosin head, neck, and tail domains. Six novel myosin classes are established to accommodate sequences from chordate metazoans (class XIX), insects (class XX), kinetoplastids (class XXI), and apicomplexans and diatom algae (classes XXII, XXIII, and XXIV). These myosin (sub)-classes include sequences with protein domains (FYVE, WW, UBA, ATS1-like, and WD40) previously unknown to be associated with myosin motors. Regarding the apicomplexan ''myosome,'' we significantly update class XIV classification, propose a systematic naming convention, and discuss possible functions in these parasites.
M
yosins are molecular motors that diversified very early during eukaryotic evolution (1, 2) . Most eukaryotes rely on myosins, and only a few taxonomic groups, e.g., red algae and diplomonad protists (3), appear to live without them. Mammals boast up to 40 different myosin genes, and myosin mutations are linked to serious pathologies like myopathies, blindness, and hearing loss. Myosin heavy chains move along tracks of filamentous actin and are involved in various cellular functions such as organellar transport, mitosis, and cell locomotion. They commonly comprise three domains: a conserved head responsible for actin binding, ATPase activity, and generation of movement; a short neck that usually interacts with myosin light chains; and a variable tail that commonly binds the motor ''cargo'' and determines the functional specificity of the motor.
Myosin heavy chains have been categorized into 18 classes, mostly based on comparisons and phylogenetic analysis of the conserved motor domain. One simple and effective rule for the delineation of myosin classes has been to consider the first branches emanating from the center of an unrooted myosin phylogeny that receive Ͼ90% bootstrap (BS) support as separate classes (4, 5) . Most frequently, phylogenetic analysis of myosins has used distance matrix-based methods as implemented, e.g., in PAUP (6) or CLUSTAL (7) , i.e., without the benefits of more sophisticated algorithms that take amino acid substitution models into account [e.g., programs of the PHYLIP package (8) ].
The phylum Apicomplexa comprises unicellular eukaryotes that live as obligate intracellular parasites and includes important pathogens such as Plasmodium and Toxoplasma gondii, the etiological agents of malaria and toxoplasmosis. Others result in huge economic losses through infections of livestock (e.g., Eimeria and Babesia). Together with ciliates and dinoflagellate algae, apicomplexans constitute the Alveolata (9) , whereas alveolates and the Chromista probably belong to a common ancient evolutionary lineage, the chromalveolates (10) (11) (12) . The Chromista represent a heterogeneous assemblage of algal groups and oomycetes. See the recent work by Adl et al. (13) for an overview of eukaryote classification.
Here, we present a phylogenetic analysis of myosins incorporating many previously unclassified sequences, with particular emphasis on myosins from parasitic and other protists. Phylogenies and a conserved amino acid polymorphism show that class XIV encompasses myosins of both apicomplexans and ciliates, with some sequences of both groups sharing the same protein domain architecture. Our data also suggest so-far-unrecognized common origins for other groups of myosins, and we establish six new myosin classes to accommodate previously unclassified myosins from chordate metazoans (class XIX), insects (XX), trypanosomatid protozoa (XXI), and apicomplexan parasites (classes XXII, XXIII, and XXIV). The proposed myosin (sub)classes include sequences with myosin tail domain architectures whose possible functional relevance for apicomplexan parasites is discussed.
Results
Statistical Support in Phylogenetic Analyses. We used four different (combinations of) phylogenetic inference programs and use the term ''statistical support'' to refer to BS values from distance matrix-based phylogenies generated by CLUSTAL (7) or PROTDIST (together with NEIGHBOR or FITCH) (8) and to posterior probabilities (PPs) from Bayesian analysis with MRBAYES (14) . Because we found that sequence input order before generating multiple sequence alignments (with CLUSTAL) had a significant effect on the statistical support for distinct clusters within the resulting trees, regardless of the phylogenetic method used, we carried out all major phylogenetic analyses on series of 12 independent alignments generated after randomization of sequence input order. We also noted a specific negative bias on statistical support for certain clusters in trees by a few usually divergent (long branches in trees) and͞or unclassified myosin sequences (highlighted in Fig. 1 ) that we refer to as ''rogue'' sequences (15) . Unless stated otherwise, BS values (in %) mentioned throughout the text and indicated in Fig.  1 refer to PROTDIST͞NEIGHBOR BS analysis (300 replicates) based on a representative alignment (''alignment 7'') of a big dataset (267 sequences) from which the rogue sequences had been omitted, whereas PPs refer to Bayesian analysis of 12 alignments based on a small dataset (74 sequences). For further details, see Supporting Text and Table 2 , which are published as supporting information on the PNAS web site.
Classes II and XVIII Share Common Origins. One remarkable difference between simple neighbor-joining trees generated by CLUSTAL or PAUP (6) and trees that have been calculated by taking an amino acid substitution model (e.g., Jones-TaylorThornton) into account is that the latter consistently position class XVIII myosins within class II with excellent statistical support ( Fig. 1 and Table 2 ; 95% BS, median PP 1.0). The inference that class XVIII may actually represent divergent class II myosins that have acquired an N-terminal PDZ domain is further supported by their similar neck and tail domain architectures (a single IQ motif followed by an extensive coiled-coil forming domain; Fig. 1 ) and is consistent with the organismal distribution of these myosins, which are both (also) found in metazoans. An overview of the known taxonomic distribution of all myosin classes is given in Table 3 , which is published as Fig. 1 . Representative distance matrix-based phylogeny (PROTDIST͞NEIGHBOR) of myosin head domains. This tree is based on alignment 7 from a series of 12 alignments and corresponds to the most representative tree, as judged by the BS for select myosin classes (see Table 2 for details). The highly divergent class XVII myosins have been omitted from the main phylogeny, whereas the Inset (Upper Right) shows the respective part of a tree in which these myosins have been included (note the long branch connecting class XVII to the rest of the tree). BS support is based on analyses excluding rogue sequences (indicated by asterisk) and is indicated by circles only for select nodes in the tree. Fig. 3 supporting information on the PNAS web site. For more information on the function of myosins, please refer to the current literature or to an appropriate review (5, 16) .
Class V and Microsporidian Myosins. Microsporidia are unicellular parasites with a wide host range and, despite obvious differences in lifestyle and morphology, they are most closely related to fungi (17) . Although myosins of other fungi belong to classes I, II, and V, the two distantly related taxa Encephalitozoon cuniculi and Antonospora locustae reveal only two types of microsporidian myosins: one class II and one previously unclassified myosin. In our Bayesian analysis, the unclassified sequences fall into myosin class V with good statistical support (median PP 0.84; Table 2 ). Although we have observed this monophyletic association only in Bayesian analysis [and maximum likelihood trees generated by PROML (8) ; data not shown], we note that these microsporidian myosins are often positioned in close proximity to class V even in distance matrixbased analyses (Fig. 1) , albeit without statistical support ( Table 2 ). The assumption that these microsporidian sequences represent divergent class V myosins is parsimonious, because class V myosins are also found in other fungi, and is supported by their similar tail domain architectures [coiled-coil and C-terminal dilute (DIL) domains; Fig. 1 ] and by phylogenetic analysis of DIL domain sequences that weakly support a common origin of these domains from microsporidian and other fungal class V myosins (data not shown).
Classes XII and XV Share Common Origins. Similar to the case of classes II and XVIII, PROTDIST-based phylogenies also suggest a common origin for classes XII and XV (Fig. 1) . Although the monophyly of classes XII and XV does not receive strong statistical support in PROTDIST-based trees (70% BS) and is not or barely recovered in CLUSTAL and MRBAYES phylogenies, respectively (Table 2), it is strongly corroborated by independent evidence: the tail domain architectures of class XII and XV myosins are practically identical [two myosin tail homology 4 (MyTH4), one FERM, and one SH3 domain; Fig. 1 ], and MyTH4 domain phylogenies strongly suggest a common origin of these class XII͞XV tail domains (BS Ͼ 97%, PP Ͼ 0.98; Fig. 4 , which is published as supporting information on the PNAS web site) (18) . Also, that class XV myosins are found in major metazoan groups but not in nematodes, whereas class XII myosins are known only from nematodes, is at least consistent with a common origin of class XII͞XV myosins. In contrast, the frequent clustering of class XII with other divergent myosins [like those of classes III, XVI, XVII, XVIII, and͞or XX; see Fig. 1 (4, 5, 19) ] is probably artifactual because of long-branch attraction, a notion supported by the increase of median statistical support for a monophyletic class XII͞XV grouping from 74% to 87% (BS) and from 0 to 0.99 (PP) when class XX myosins (in addition to other rogue sequences) are excluded from the analysis (small dataset; see Table 2 ). For further details on the likely monophyly of classes XII and XV, see Supporting Text.
Classes XIX, XX, and XXI: Three New Classes of Chordate, Insect, and Kinetoplastid Myosins. The human genome encodes Ͼ40 myosin genes belonging to 11 classes. In addition, one predicted myosin sequence had already been noted as probably constituting a 19th myosin class (5) . We show that this sequence and homologs from chordates such as the ascidian Ciona intestinalis, a fish, chicken, dog, and mouse, comprise a new myosin class XIX (100% BS), where two IQ motifs per sequence are the only neck͞tail protein domains recognizable so far (Fig. 1) . The fruit fly Drosophila melanogaster features 13 myosins, of which 12 belong to eight previously described classes, whereas one myosin (Myo29D, GenBank accession no. AAF52683) has so far been unclassified (20) . Our analyses show that this myosin belongs to a so far insect-specific myosin class XX that is well supported (100% BS, Fig. 1 ). It currently comprises sequences from D. melanogaster, Drosophila pseudoobscura, and the malaria parasite vector Anopheles gambiae that feature one well conserved IQ motif in the neck domain (Fig. 1) . The genomes of parasitic kinetoplastids like Trypanosoma and Leishmania now also reveal previously unrecognized myosins (21) . Trypanosoma cruzi, Trypanosoma brucei, and Leishmania major all contain one class I myosin (Myo1) and one myosin (Myo2) belonging to a novel class XXI (21) (78% BS, median PP 1.0; Fig. 1 and Table 2 ). Six additional myosins are found only in T. cruzi and do not have direct homologs in the other kinetoplastids. Five of these fall into class XXI, whereas TcMyo8 is currently unclassified (21) (Fig. 1) . Interestingly, the kinetoplastid myosin tails contain protein domains previously unknown to be associated with myosins, e.g., FYVE, WW, or UBA-like domains (Fig. 1) . For a more detailed description of kinetoplastid myosins, see Supporting Text.
Apicomplexan Myosins: A Naming Convention. Researchers commonly have named new apicomplexan myosins in the order of discovery (MyoA, MyoB, etc.), often independently for each species (22) (23) (24) (25) (26) (27) (28) . This has led to the confusing situation where nonorthologous apicomplexan sequences were designated with the same letter, e.g., PfMyoC (PfM-C) and TgMyoC of Plasmodium falciparum and T. gondii, respectively (25) . We therefore propose a systematic naming convention for apicomplexan myosins, such that the same letters denote homologous myosins across taxa. Because T. gondii has the largest myosin repertoire (11 sequences) of any apicomplexan for which significant genome data are available, we base this naming system on homology to the T. gondii myosins (TgMyoA-TgMyoK) and consequently rename six apicomplexan myosins: MyoC, MyoD, and MyoF of Plasmodium and Babesia are changed to MyoF, MyoJ, and MyoK, respectively, and MyoB of Babesia and Theileria is changed to MyoH. For further details, see Supporting Text and Table 4 , which is published as supporting information on the PNAS web site.
Class XIV Includes Apicomplexan and Ciliate Myosins. Class XIV had previously been described as exclusively comprising apicomplexan myosins and was divided into two subclasses (25, 26) . In contrast, our analyses (Fig. 2) show a well resolved group of apicomplexan myosins (MyoH) to form a new subclass XIVc and consistently place 12 myosin sequences from the ciliate Tetrahymena thermophila within class XIV, an unsurprising affiliation, because ciliates and apicomplexans are close relatives (both belong to the Alveolata). This extended class XIV is very well supported by all phylogenetic inference methods used (95% BS, median PP 1.0; Fig.  2 and Table 2 ). That this robust association had not been recognized previously (4, 19, 25, 26) , with the ciliate myosins recently having been assigned to a separate class (19) , is most likely because of the inclusion of rogue sequences, small dataset size, and the use of full-length myosin sequences in previous analyses. Based on our strong statistical support for this extended class XIV and on independent corroborating evidence (see below), we now include these 12 ciliate myosins in class XIV as subclass XIVd (Fig. 2 and Table 1 ). TtMyo1 has been shown to be involved in phagosome motility and nuclear elongation (29, 30) , and the other T. thermophila myosins have been described elsewhere (19) ; one of them (TtMyo13) remains unclassified (Fig. 1) . Intriguingly, four ciliate myosins are predicted (Conserved Domain Database) to contain a domain with similarity to ␣-tubulin suppressor (ATS1) and the related regulator of chromosome condensation (RCC1) proteins (31-33), a character shared with apicomplexan class XIVc myosins (Fig. 2) , and thus represent the first examples of ATS1-like domains associated with myosin tails. Class XIVc myosins also feature six or more IQ motifs and include the previously unclassified BbMyoH (Table 4) (25, 26) .
Class XIV: Plasmodium Myosins and a Class-Specific Amino Acid
Polymorphism. Proteins of P. falciparum are often divergent compared with homologs of other organisms because of their strong amino acid composition bias (caused by the AϩT rich genome) and the presence of numerous low complexity insertions (34, 35) . Consequently, some P. falciparum myosins appear on long branches in phylogenetic trees (Fig. 1 ) and have been difficult to classify (25, 26) , similar to the case of some Dictyostelium discoideum myosins. In contrast to previous classification, our analyses firmly place three P. falciparum myosins outside class XIV (see below), leaving only three sequences within class XIV: PfMyoA, PfMyoB, and PfMyoE ( Fig. 2 and Table 1 ). Of these, PfMyoA is the unambiguous homolog of other apicomplexan MyoA myosins (subclass XIVa), whereas Plasmodium MyoB and MyoE myosins do not unambiguously cluster with any other apicomplexan sequences in particular (Fig. 2) . Our analyses thus clarify the previously contradictory classification of the two subclasses XIVa and XIVb (25, 26) , which are mostly confirmed as initially formulated (26) . Importantly, the overall class XIV classification (Fig. 2) is strongly supported by a particular amino acid polymorphism in the otherwise highly conserved HYAG sequence (position 584 in chicken skeletal muscle myosin II, GenBank accession no. AAB47555): of 230 non-class XIV sequences (including PfMyoF, PfMyoJ, PfMyoK, and TtMyo13), 220 (95.7%) feature a tyrosine or phenylalanine, and five sequences (2.2%) an (iso)leucine at the second position of this tetrapeptide (Table 5 , which is published as supporting information on the PNAS web site). In contrast, all 37 class XIV myosins (including PfMyoB, PfMyoE, and the 12 class XIV sequences of T. thermophila) contain either a serine or a threonine at this position, a character shared by only two non-class XIV myosins (human and mouse class XVIII) ( Table 5) .
Apicomplexan Myosins and Class VI. The two nonclass XIV myosins of Plasmodium MyoJ and MyoK, as well as their apicomplexan homologs, form part of an extended class VI, whose monophyly is well supported in most analyses (Fig. 1, Table 1 ; 91% BS, median PP 1.0; lower BS in CLUSTAL trees and in analyses based on the small dataset; Table 2 ). Typically, class VI myosins feature an insert between the myosin head domain and predicted IQ motifs of 40-to 50-aa lengths that is thought to be responsible for the unusual directionality of these motors toward the minus end of actin filaments (36, 37 ), yet whether an equivalent insert is present in the apicomplexan class VI myosins is unclear because of the uncertainty in predicting apicomplexan IQ motifs, which may be divergent (28, 38) , and the apparent lack of IQ motifs in some of these molecules.
Classes XXII, XXIII, and XXIV: Three New Classes of Chromalveolate
Myosins. The apicomplexan MyoF sequences (Table 1) , together with myosins from the diatom alga Thalassiosira pseudonana, form a monophyletic clade, the new class XXII, with at best only intermediate BS in PROTDIST-based analyses (79% BS; Fig. 1 ) but strong statistical support in CLUSTAL-generated trees and Bayesian analysis (Ͼ85% BS with CLUSTAL, median PP 1.00; Table 2 ). All apicomplexan class XXII sequences are predicted to feature an extended neck domain with multiple IQ motifs, a characteristic feature of myosins of class V and related classes VIII, XI, and XIII (3), classes that are often positioned in close proximity to class XXII in tree topologies (Fig. 1) . In addition, apicomplexan class XXII sequences (but not the corresponding diatom myosins) for which a long-enough tail domain has been annotated or predicted (T. gondii, Plasmodium spp. Theileria spp.) contain four to six WD40 repeats near the C terminus of the tail, which constitutes another novel protein domain-myosin tail combination. In addition, the N terminus of the Theileria and Plasmodium MyoF tail domains is predicted to form coiled-coil structures. The putative common ancestry of several diatom sequences and the apicomplexan MyoF myosins is supported by a particular amino acid polymorphism in an otherwise highly conserved region, the LEKSR site (position 271 in chicken skeletal muscle myosin): in all 14 class XXII myosins included in our analysis, the fourth position in this pentapeptide is 
Coiled-coil -TgMyoK -CpMyoK PfMyoK* ---*This sequence has been renamed in the present study; MyoF, MyoH, MyoJ, and MyoK were previously known as MyoC, MyoB, MyoD, and MyoF, respectively. valine or alanine, a character shared by only 9 of the 253 non-class XXII myosins (mostly apicomplexan myosins; Table 5 ). In contrast, of the non-class XXII myosins, 83.4% feature a serine͞threonine, and only another seven sequences (2.8%) contain any of the other aliphatic amino acids (glycine, leucine, and isoleucine) at this position (Table 5) . Finally, two additional non-class XIV myosins of T. gondii and their apicomplexan homologs warrant establishing the two new myosin classes XXIII and XXIV. The MyoG sequences of the coccidians T. gondii and Eimeria tenella reproducibly form a very well supported clade (100% BS, median PP 1.00), class XXIII, whereas TgMyoI and a homolog from Cryptosporidium parvum establish the new class XXIV (100% BS, median PP 1.00). All four sequences are predicted to feature one to two IQ motifs, and the MyoG myosin tails contain a single MyTH4 domain (but no FERM domain). One diatom sequence is often associated with classes XXIII and XXIV in CLUSTAL-generated trees (80-84% BS) but not in other analyses ( Table 2 ), so that its definitive phylogenetic position and classification remain unclear.
Discussion
Myosin Evolution. All myosin classes observed today likely derive, by a process involving gene duplications and diversification, from one progenitor molecule in the distant past, and it has recently been proposed that the eukaryotic cenancestor (last common ancestor) already contained three different types of myosins: an ortholog to extant class I myosins, a second myosin containing a dilute (DIL) domain (found in extant classes V and XI), and a third myosin with MyTH4͞FERM domains (in extant classes IV, VII, X, XII͞XIV, XV, and XXIII) (2) (Fig. 3 and Table 3 ). Although our phylogenetic analyses tend to support this hypothesis, some aspects do not fit comfortably into this scenario: Several MyTH4͞FERM domain containing myosins are found in classes (IV, XIV, and XXIII) that are not part of the main ''MyTH4͞FERM cluster'' (classes VII, X, and XII͞XV). Also, classes V and XI are not monophyletic in the trees but are interspersed with classes VIII, XIII, and XIX (which do not feature DIL domains). Yet these incongruities could be explained by a lack of resolution in the phylogenetic trees (statistical support for the deep-level clustering of before-mentioned classes is not significant) and͞or by secondary loss(es) of characters and͞or by lateral (partial) gene transfer. On the other hand, some myosin classes derive from relatively recent divergent evolution in narrow evolutionary lineages. In such cases, one may find myosins in a narrow systematic group (e.g., classes XII and XIII in Caenorhabditis and Acetabularia, respectively), whereas a closely related class (XV and XI, respectively) of more widespread distribution has apparently vanished from it. The most parsimonious assumption is that the narrowly distributed myosins represent orthologs of the ''missing'' myosin classes. For myosin classes XII and XV, such an assumption is corroborated by virtually identical tail domain architectures and tail domain (MyTH4) phylogenies, supporting the notion that myosin head, neck, and tail domains generally coevolve (39) . Similarly, both our phylogenies and tail domain similarity argue strongly for a previously unrecognized common origin of classes II and XVIII. Although myosin evolution and classification are tightly linked, we think it would not be very helpful to change the existing classification of myosin classes II͞XVIII or XII͞XV, even in light of our findings. For more details on issues relating to myosin classification, see Supporting Text.
Chromalveolate Myosins. Apicomplexan myosins had been classified in class XIV, which did not encompass any nonapicomplexan sequences (3, (22) (23) (24) (25) (26) (27) (28) . This study presents robust phylogenetic data that group apicomplexan myosins into several distinct classes and that classify myosins from nonapicomplexan taxa (in particular a ciliate and a diatom) in some of the same classes as apicomplexan myosins. These phylogenetic associations are not surprising, given the kinship of (chrom)alveolate organisms (9-11). So far, taxon sampling for the myosin dataset regarding heterokonts or chromistans in general has been restricted to the diatom T. pseudonana, making it advisable to wait with a definitive classification of some diatom myosins until more chromistan data are available. Preliminary glimpses in unpublished genome data of another heterokont organism, the oomycete Phytophthora ramorum, already promise an extraordinarily rich treasure trove of novel myosins: 24 myosins can readily be identified, many of which have completely novel protein domain architectures (2) . Apart from a few apparent class I myosins, some of these sequences cluster with unclassified diatom sequences or appear to belong to the new chromalveolate myosin classes XXII, XXIII, or XXIV. The monophyly of chromalveolate organisms has not been easy to demonstrate (11, 12) , and the phylogenetic clustering of chromalveolate myosins and͞or myosin classes restricted to chromalveolate lineages would represent rare evidence from nuclear-cytoplasmic genes (as opposed to nuclearplastid or plastid-encoded genes) supporting their monophyly. In fact, judging by the diatom and oomycete myosins, we expect more chromalveolate-specific myosin classes to be delineated in the future.
Function of Apicomplexan Myosins. Experimental investigations have so far focused on a narrow range of apicomplexan myosins, i.e., the class XIVa͞b motors and their molecular interaction partners (reviewed in refs. 40 and 41) . MyoA of T. gondii is known to be essential for gliding motility and host cell invasion (42) , and the presence of highly conserved orthologs in all apicomplexans for which considerable genome data are available (Table 1) highlights the essential function of this motor. MyoD, a myosin very similar to MyoA, is found only in the coccidians T. gondii and E. tenella (Table  1) . TgMyoD has similar properties as TgMyoA and may be involved in the cell motility of nontachyzoite life stages of T. gondii (28, 43) . Closely related myosins of subclass XIVb are known from T. gondii, E. tenella, and Gregarina polymorpha (Table 1) , and TgMyoB͞C has been implicated in parasite cell division (44) . The new subclass XIVc myosins (MyoH) feature tail domains with similarity to ATS1 and related regulator of chromosome condensation 1 (RCC1) proteins thought to act as guanine nucleotide exchange factors. RCC1 is known to bind to chromatin, and ATS1 may be involved in coordinating the microtubule state during the cell cycle in yeast (31) (32) (33) , suggesting that class XIVc myosins may also play a role during mitosis, cytokinesis, or in other cell-cycle events. Class XXII myosin tails (MyoF) contain four to six WD40 repeats that are known to form ␤-propeller structures and have been implicated in diverse functions like signal transduction and transcriptional regulation. WD40 domains may target to centrosomes or the nucleolus or bind phosphoinositides (45, 46) . MyTH4 domains are found in a range of myosin classes (Table 3) and bind, in conjunction with FERM domains, to microtubules (47), but it is unclear whether class XXIII myosins (MyoG), which possess a MyTH4 but no FERM domain, interact with the apicomplexan microtubule cytoskeleton. Class XXIV myosins (MyoI) remain most enigmatic: the CpMyoI sequence is predicted to contain coiled-coil forming regions and may represent a dimerizing myosin, whereas the function of its putative N-terminal SH3-like domain is unknown. In contrast, class VI myosins have been well studied. These motors are the only myosins known that move toward the minus end of actin filaments and have been implicated in diverse functions such as endocytosis, cell motility, and Golgi complex morphology and secretion (48) . Yet function and directionality of the apicomplexan class VI myosins (MyoJ, MyoK) are speculative. Intriguingly, both the class XIV-and XXII-specific amino acid polymorphisms we have identified involve serine͞threonine residues, and one may speculate that these changes are linked to unusual mechanisms of myosin regulation involving phosphorylation.
Materials and Methods
Data Sources. To a previously published myosin dataset (4), we added sequences from the GenBank database (all accession nos.
are listed in Table 6 , which is published as supporting information on the PNAS web site, and PCR products were cloned into and sequenced within pGEM-T Easy (Promega). Myosin annotation from unpublished sources was checked by sequence comparisons (pairwise BLAST and CLUSTALX) and edited manually where necessary.
Multiple Protein Sequence Alignments. Sequence order was randomized before generating sequence alignments with CLUSTALX (Ver. 1.83) (7) by using default multiple alignment parameters and these ''Fast-Approximate'' pairwise alignment parameters: gap penalty ϭ 4, K-tuple size ϭ 1, top diagonals ϭ 50, window size ϭ 50. Before generating alignments for phylogenetic analysis, we identified (by inspecting CLUSTALX alignments and by extensive pairwise BLASTing) and deleted insertions that were present in very few or individual myosins from these sequences if the insertions impaired the alignment (e.g., for Plasmodium, Dictyostelium, and class XVIII). Alignment positions containing gaps in Ͼ50% of the sequences were excluded from phylogenetic analyses. Please see Datasets 1 and 2, which are published as supporting information on the PNAS web site.
Phylogenetic Analysis. Phylogenetic analyses were carried out by using CLUSTALX, the PHYLIP (Ver. 3.63) programs PROTDIST, NEIGHBOR, FITCH, SEQBOOT, CONSENSE, and PROML (8) , and MR-BAYES (Ver. 3.1) (14) . The Jones-Taylor-Thornton amino acid substitution matrix was used in PROTDIST and PROML. ␥ distribution parameters for four variable rate categories and the fraction of invariant sites were estimated with TREEPUZZLE (Ver. 5.2) (49). FITCH was run with the Fitch-Margoliash method and without global rearrangements. The input order of species for phylogenetic analysis was always randomized where this option is given. Bayesian phylogenies were inferred by using MRBAYES: Two independent runs with four chains each (one cold, three heated with heating parameter ϭ 0.025) were run using the Jones fixed-rate model and a ␥-shaped rate variation across sites with four rate categories plus invariable sites. Trees were sampled every 100 generations, and analyses were continued until at least 1,000 trees per run had been sampled where the average standard deviation of split frequencies (ASDoSF) between the two runs was Ͻ0.10 (convergence). Trees sampled before convergence or a minimum of 500 trees were discarded as burnin, and analyses in which the ASDoSF was still Ͼ0.10 after 200,000 generations were aborted and restarted. Phylogenetic trees were visualized with DRAWTREE (8) 
